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The  results  of  the  tests  were  obtained  by  ARO,  Inc.  (a  subsidiary  of 
Sverdrup  and  Parcel,  Inc.  ),  contract  operator  of  the  Arnold  Engineering 
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ABSTRACT 


Tests  were  conducted  at  hypersonic  Mach  numbers  on  a  blunt  lead¬ 
ing  edge  model  both  with  and  without  an  impinging  shock.  The  effects 
of  Reynolds  number,  Mach  number,  leading  edge  sweep  angle,  and 
impinging  shock  strength  on  the  temperature  and  pressure  distribution 
for  the  leading  edge  were  determined.  The  tests  were  conducted  at 
nominal  Mach  numbers  of  6,  8,  and  10  at  unit  Reynolds  numbers  of 
0.  58  x  10®  to  3.  55  x  10®  per  foot  with  a  sweep  angle  range  of  0  to 
75  deg.  Selected  results  which  show  the  effect  of  shock  generator  angle 
and  sweep  angle  at  Mach  6  and  10  are  presented. 
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NOMENCLATURE 

b  Model  skin  thickness,  ft 

c  Model  skin  material  specific  heat,  Btu/lb°R 

h  Heat-transfer  coefficient,  Btu/ft2sec*R 

M„  Free- stream  Mach  number 

p  Pressure,  psi 

Q  Aerodynamic  heat-transfer  rate,  Btu/ft2sec 

Re„  Free- stream  Reynolds  number 

r  Recovery  factor 

T  Temperature,  ®R 

t  Time,  sec 

w  Specific  weight  of  model  material,  lb/ft3 

x  Distance  along  leading  edge,  in, 

&L  Local  angle  of  attack,  deg 

y  Ratio  of  specific  heats 

5  Angle  between  generator  surface,  and  free-stream  flow,  deg 

9  Shock  generator  angle,  deg 

A  Sweep  angle,  deg 

u  Angular  location  of  instrumentation  around  leading  edge 

(u  =  90  deg  at  stagnation  line),  deg 


SUBSCRIPTS 

aw  Adiabatic  wall 

m  Model  surface 

NS  Leading  edge  without  shock  impingement 

o  Stagnation 

S  Leading  edge  with  shock  impingement 
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SECTION  I 
INTRODUCTION 


Heat-transfer  and  pressure  distribution  tests  were  conducted  on  a 
1-in.  -radius  leading  edge  to  determine  the  effects  of  an  impinging 
shock  generated  by  an  attached  wedge.  The  influence  of  Mach  number, 
Reynolds  number,  leading  edge  sweep  angle,  and  impinging  shock 
strength  were  studied.  The  tests  were  conducted  in  cooperation  with 
the  Air  Force  Flight  Dynamics  Laboratory  (AFFDL),  Research  and 
Technology  Division  (RTD),  Air  Force  Systems  Command  (AFSC).  The 
tests  were  performed  in  the  50-in.  hypersonic  tunnels  (Gas  Dynamic 
Wind  Tunnels,  Hypersonic  (B)  and  (C»  at  nominal  Mach  numbers  of  6, 

8,  and  10  with  free-stream  unit  Reynolds  numbers  of  0.  58  x  10®  to 
3.  55  x  106  per  foot.  The  angle  of  the  shock  generator  with  respect  to 
the  leading  edge  was  varied  from  90  to  150  deg,  and  the  sweep  angle  of 
the  leading  edge  was  varied  from  0  to  75  deg. 


SECTION  II 
APPARATUS 


2.1  WIND  TUNNELS 

2.1.1  Tunn«L  B 

Tunnel  B  is  a  Mach  6  or  8,  axisymmetric,  continuous  flow,  variable 
density  wind  tunnel  with  a  50- in.  -diam  test  section.  Because  of  changes 
in  boundary-layer  thickness  caused  by  changing  pressure  level,  the  con¬ 
toured  nozzle  produces  an  average  test  section  Mach  number  which  varies 
from  5.  93  at  a  stagnation  pressure  of  25  psia  to  6.  06  at  a  stagnation  pres¬ 
sure  of  200  psia  for  the  Mach  6  nozzle  and  8.  0  at  a  stagnation  pressure  of 
100  psia  to  8.  1  at  a  stagnation  pressure  of  800  psia  for  the  Mach  8  nozzle. 

2.1.2  Tunnel  C  ■ 

Tunnel  C  is  a  Mach  10,  axisymmetric,  continuous  flow,  variable 
density  wind  tunnel  with  a  50-in.  -diam  test  section.  Because  of  changes  in 
the  boundary- layer  thickness  caused  by  changing  pressure  levels,  the  con¬ 
toured  nozzle  produces  an  average  test  section  Mach  number  which  varies 
from  10.  0  at  a  stagnation  pressure  of  200  psia  to  10.  2  at  a  stagnation  pres¬ 
sure  of  2000  psia. 
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An  unusual  feature  of  the  tunnels  is  the  model  installation  chamber 
below  the  test  section  which  allows  the  entire  pitch  mechanism,  sting, 
and  model  to  be  lowered  out  of  the  tunnel.  When  the  model  is  in  the 
retracted  position,  the  fairing  doors  and  the  safety  doors  can  be  closed, 
and  the  tank  can  be  entered  for  model  changes  while  the  tunnel  is  run¬ 
ning. 


2.1.3  Air  Supply  System 


The  tunnels  are  served  by  the  VKF  92,  500-hp  compressor  system. 
To  prevent  liquefaction  of  the  air  in  the  test  sections,  a  propane-fired 
heater  capable  of  heating  the  air  to  1360°R  is  used  for  Tunnel  B,  and 
the  propane-fired  heater  and  a  12,  000-kw  electric  heater  are  used  in 
combination  to  produce  air  temperatures  of  1900°R  for  Tunnel  C.  De¬ 
tails  of  the  tunnels  are  shown  in  Fig.  1,  and  a  more  complete  descrip¬ 
tion  is  given  in  Ref.  1 . 


2.2  MODEL  AND  SUPPORT 

Two  1-in.  -  radius  leading  edge  models  were  supplied  by  AFFDL. 

The  pressure  model  was  instrumented  with  96  pressure  orifices  and  the 
thin  skin  (b  =  0.  05  in.  )  heat-transfer  model  with  96  Chromel®-Alumel® 
thermocouples.  The  instrumentation  was  placed  along  the  leading  edge 
at  0.  5-in.  intervals  and  around  the  model  at  every  2-in.  interval.  Both 
models  could  be  tested  with  or  without  a  shock  generator  (Figs.  2  and  3). 

Variation  of  the  leading  edge  sweep  angle  was  accomplished  by  using 
the  tunnel  pitch  mechanism  and  prebent  stings. 


2.3  INSTRUMENTATION 
'2.3.1  Pressure  Instrumentation 
2.3.1. 1  Tunnel  B 

The  model  pressures  were  measured  with  nine  Wiancko  pressure 
transducers,  rated  at  5  psid,  connected  selectively  to  seven  independently 
variable  reference  pressures  which  were  constantly  monitored  by  seven 
CEC  Electromanometers,  rated  at  1,  5,  15,  and  30  psia.  Three  instru¬ 
ment  sensitivities,  calibrated  to  obtain  full-scale  deflection  for  ±0.  3,  0.  6, 
and  1.2  psid,  were  used  with  the  seven  reference  pressures,  which  varied 
in  approximately  2-psid  increments  from  nearly  zero  pressure.  The 
system  automatically  selected  the  proper  instrument  sensitivity  and  abso¬ 
lute  reference  pressure  to  ensure  measurement  of  the  model  pressures 
to  the  best  available  precision. 
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2.3, T. 2  Tunnel  C 

This  pressure  data  system  is  also  a  nine-channel  unit.  Each  chan¬ 
nel  includes  two  pressure  measuring  transducers  (referenced  to  near 
vacuum).  .The  two  measuring  transducers,  a  ±l-psid  unit  and  a  0-  to 
15-psid  unit,  are  switched  in  and  out  of  the  system  automatically  to 
allow  measuring  to  the  best  available  precision.  If  the  sensed  pressure 
level  is  above  15  psia,  the  reference  side  of  the  15-psid  transducer  is 
vented  to  atmosphere  to  extend  the  measuring  range. 

The  measuring  system  is  of  the  Wiancko  frequency-modulation 
type.  Precision  frequency- modulation  oscillators,  frequency  multi¬ 
pliers,  binary  counters,  and  a  time  base  generator  operate  with  the 
transducers  to  obtain  a  differential  count  of  10,  000.  The  resulting  reso¬ 
lution  is  0.  0002  psi  for  the  1-psid  transducer  and  0.  0015  psi  for  the 
15-psid  transducer.  The  accumulated  count  is  stored  in  the  binary 
counters,  read  out  serially  by  the  ERA  scanner,  and  punched  on  paper 
tape. 


2.3.2  Temperature  Instrumentation 


The  reference  junction  of  each  thermocouple  was  maintained  at 
132°F.  Each  thermocouple  output  was  recorded  in  digital  form  on  mag¬ 
netic  tape  at  the  rate  of  20  times  per  second  by  a  Beckman  210  analog- 
to-digital  converter.  Selected  model  temperatures  were  monitored  by 
nine  thermocouple  outputs  connected  to  0.25-sec  (full-scale  travel)  Brown 
servo-potentiometers . 

2.3.3  Photographic  System 

A  conventional,  short  range,  divergent  ray,  spark  shadowgraph 
system  was  used  to  obtain  pictures  of  the  flow  field  near  the  model.  Flow 
patterns  on  the  model  surface  were  recorded  with  an  oil  flow  technique 
which  utilized  a  thin  layer  of  Zyglo®  oil  illuminated  by  ultraviolet  lamps 
(Ref.  2). 


SECTION  III 
PROCEDURE 


3.1  TEST  CONDITIONS 

The  pressure  model  was  injected  into  the  tunnel,  and  stabilized  pres¬ 
sures  were  recorded  at  preselected  angles  of  attack. 
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The  heat-transfer  model  was  retracted  into  the  model  installation 
chamber  between  data  groups  and  cooled  to  a  uniform  temperature  of 
approximately  50°F.  The  cooling  of  the  model  was  accomplished  with 
room  temperature  air  expanded  through  side  ducts  and  a  nozzle  located 
in  the  chamber  door.  The  model  was  then  injected  at  preselected 
angles  of  attack,  and  data  were  recorded  for  seven  seconds  after  the 
model  reached  the  tunnel  centerline. 

Test  conditions  are  summarized  in  the  following  table: 


Model 

Configuration 

Data  Type 

Po. 

psia 

6 

Eh  ° 

Bejlt 

:A' 

J  .  ) 

deg 

e. 

deg 

Blunt  Nose 

Pressure 

5.98 

44 

278 

1  x  10® 

0-75 

_ 

Temperature 

5.98 

48 

320 

1  x  10® 

0-75 

— 

1 

6.  01 

100 

350 

2  x  10® 

0-75 

— 

J 

6.  05 

188 

370 

3.55  x  10® 

0-75 

— 

Shock  Generator 

Pressure 

5.98 

44 

278 

1  x  10® 

0-40 

0-60 

Temperature 

5.98 

48 

320 

1  x  10® 

0-40 

0-60 

1 

6.01 

100 

350 

2  x  10® 

0-40 

0-60 

j 

6.  05 

188 

370 

3.55  x  10® 

0-40 

0-60 

Blunt ! 

Nose 

Pressure 

10. 13 

750 

1342 

1  x  10® 

0-75 

— 

Temperature 

10.09 

400 

1270 

p.  58  x  10e 

0-75 

— 

1 

10.  13 

750 

1342 

1  x  10® 

0-75 

— 

| 

10.  18 

1650 

1426 

2  x  10® 

0-75 

— 

Shock 

Generator 

Pressure 

•  10. 13 

750 

1342 

1  x  10® 

0-60 

0-60 

Temperature 

10.09 

400 

1270 

0. 58  x  10® 

0-60 

0-60 

1 

10. 13 

750 

1342 

1  x  10® 

0-60 

0-60 

J 

10.  18 

1650 

1426 

2  x  10® 

0-60 

0-60 

Tests  were 

also  conducted  at  Mach  8. 

However,  since  the 

0.  25-in 

shock  generator  plate  was  not  used  in  the  Mach  8  test,  the  data  are  not 
presented. 


3.2  DATA  REDUCTION 

Heat-transfer  data  were  reduced  on  an  IBM  7074  computer  using  the 
equation 

„  .  dT 

Q  =  wbc  - — 

dt 

which  neglects  radiation  and  conduction  losses.  The  values  of  dTm/dt 
were  calculated  by  fitting  a  least  squares  parabola  to  21  data  points  (one 
second  of  data)  centered  at  one  second  after  the  model  reached  tunnel 
centerline. 

At  the  request  of  AFFDL,  values  of  model  skin  specific  heat  and 
density  were  obtained  from  Ref.  3  for  type  321  stainless  steel.  The 
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model  skin  thickness  was  provided  by  A  FFDL .  The  heat- transfer  coef¬ 
ficient  based  on  Taw  was  calculated  by  using  the  equation 


with 


Taw  -  rTo  +  a  -r)  T0[- 


1  + 


M_ 


1  + 


where  r  =  0.  85  and 


=  sin~*[  cos  A  sin  <u  ] 


SECTION  IV 

RESULTS  AND  DISCUSSION 


Pressure  and  heat-transfer  distributions  along  the  stagnation  line  of 
the  leading  edge  are  presented  in  Figs.  4  and  5  for  Mach  6  and  10.  The 
pressure  and  heat -transfer  coefficients  in  the  presence  of  an  impinging 
shock,  pg  and  hg,  have  been  ratioed  to  the  values,  p^g  and  hj^g,  obtained 
with  the  blunt  nose  configuration  without  an  impinging  shock.  This  elimi¬ 
nates  the  large  sweep  effects  (pjjg  -  cos2  A)  which  could  obscure  the 
effects  of  shock  interactions. 

The  data  show  the  effect  of  varying  leading  edge  sweep  angle  on  the 
amplification  of  local  pressure  ahd  heat-transfer  coefficients  resulting 
from  shock  interaction  for  a  shock  generator  angle  of  10  deg  relative  to 
the  free-stream  flow  direction.  Data  for  other  shock  generator  angles 
had  similar  trends.  Two  distinct  types  of  shock  interaction  were  observed. 
At  both  Mach  6  and  10,  the  boundary  layer  on  the  shock  generator  plate 
separated  when  the  angle  between  the  plate  and  the  leading  edge  was  less 
than  approximately  120  deg.  When  this  angle  was  greater  than  120  deg  no 
separation  was  noted.  Shadowgraphs  showing  these  two  cases  are  pre¬ 
sented  in  Fig.  6.  When  the  flow  on  the  generator  was  attached,  the  maxi¬ 
mum  pressure  on  the  leading  edge  was  determined  by  two  interacting 
shocks,  consisting  of  the  wedge  shock  and  the  leading  edge  shock.  How¬ 
ever,  when  the  flow  on  the  generator  plate  was  separated,  an  additional 
compression  occurred,  either  isentropically  as  indicated  in  Fig.  6a  or 
non-isentropically  when  the  separation  was  strong  enough  to  produce  a 
shock  wave.  With  a  shock  generator  angle  of  10  deg  separation  existed 
for  sweep  angles  of  20  deg  or  less,  and  the  effect  of  the  additional  compres¬ 
sion  is  clearly  evident  by  the  increased  intensity  of  the  pressure  and  heat 
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transfer  at  these  angles  as  shown  in  Figs.  4  and  5.  It  is  noted  that 
because  of  the  spacing  of  the  instrumentation,  the  exact  shape  of  the 
interaction  regions  could  not  be  determined  from  the  data. 

A  comparison  of  Figs.  4  and  5  indicates  that  as  Mach  number  is 
increased,  the  shock  induced  pressures  and  heat-transfer  rates  increase 
in  magnitude  but  occur  over  a  smaller  region  on  the  leading  edge. 
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Fig.  5  Leading  Edge  Stagnation  Line  Shock  Impingement  Effects  at  Mach  10 
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a.  Separated  Flow  (A  =  20  deg) 

Fig.  6  Shadowgraph  of  Shock  Impingement  Region,  =  6,  Re^/ft  =  1.0  x  10' 
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b.  Attached  Flow  (A  =  30  deg) 
Fig.  6  Concluded 
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